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Abstract

Traumatic brain injury (TBI) often results in persistent attention and memory deficits that are associated with hippocampal

dysfunction. Although deep brain stimulation (DBS) is used to treat neurological disorders related to motor dysfunction,

the effectiveness of stimulation to treat cognition remains largely unknown. In this study, adult male Harlan Sprague-

Dawley rats underwent a lateral fluid percussion or sham injury followed by implantation of bipolar electrodes in the

medial septal nucleus (MSN) and ipsilateral hippocampus. In the first week after injury, there was a significant decrease in

hippocampal theta oscillations that correlated with decreased object exploration and impaired performance in the Barnes

maze spatial learning task. Continuous 7.7 Hz theta stimulation of the medial septum significantly increased hippocampal

theta oscillations, restored normal object exploration, and improved spatial learning in injured animals. There were no

benefits with 100 Hz gamma stimulation, and stimulation of sham animals at either frequency did not enhance perfor-

mance. We conclude, therefore, that there was a theta frequency-specific benefit of DBS that restored cognitive function in

brain-injured rats. These data suggest that septal theta stimulation may be an effective and novel neuromodulatory therapy

for treatment of persistent cognitive deficits following TBI.
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Introduction

There are over 5.3 million people in the United States living

with persistent cognitive deficits as a result of traumatic brain

injury (TBI).1,2 The pathophysiology of learning and memory

deficits after TBI is poorly understood, and current treatment op-

tions have had limited success. Currently, deep brain stimulation

(DBS) is being investigated as a potential treatment paradigm for

memory deficits due to Alzheimer’s disease and epilepsy,3,4 but it

has not been explored for cognitive recovery in TBI patients.

The hippocampus plays a critical role in a variety of memory tasks,

and it is particularly prone to injury after TBI. Normal hippocampal

activity is dominated by oscillations in the theta frequency range (6–

10 Hz),5–12 which synchronize activity across distal brain regions

involved in cognitive processing.13,14 Hippocampal theta oscillations

result from a bidirectional feedback loop with the medial septal nu-

cleus (MSN; Fig. 1A), considered a ‘‘pacemaker’’ for theta oscilla-

tions.15,16 A chemical lesion in the MSN reduces hippocampal theta

activity and causes persistent learning and memory deficits. Theta

frequency stimulation of intact septal projections entrains hippo-

campal oscillations and recovers cognitive performance.8

We previously demonstrated that lateral fluid percussion TBI in

rats resulted in decreased hippocampal theta power and persistent

deficits in spatial navigation memory tasks.17,18 These deficits are

particularly salient as spatial memory problems in rodents corre-

lated with deficits in human episodic memory.19–21 We next dem-

onstrated that 7.7 Hz pre-stimulation of the MSN for 60 sec

improved outcome on the Barnes maze spatial learning task.18

Based on these data, we generated four new hypotheses related to

optimizing a stimulation paradigm for treatment of TBI-induced

cognitive disorders. We hypothesized that improved outcome from

stimulation would be theta frequency-dependent. In addition, we

hypothesized that a brief stimulation period would have lasting

effects on hippocampal oscillations, and stimulation prior to a task

would be superior to a continuous stimulation paradigm, as con-

tinuous fixed-frequency stimulation is not physiological. Finally,

we hypothesized that the improvement in behavior was a recovery

of function, not an overall enhancement or an indirect consequence

of increased activity.

Methods

One hundred thirty-six adult male Harlan Sprague-Dawley rats
(Harlan, Indianapolis, IN, USA; 300–350 g) underwent a fluid
percussion TBI (n = 82) or sham (n = 54) injury. Separate groups
were used for each of four analyses including baseline recordings
(sham n = 6, TBI n = 7), assessment of stimulation duration (TBI
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n = 11), a stimulation-response evaluation (object exploration task;
sham n = 19, TBI n = 33), and finally the Barnes maze spatial
learning task (sham n = 29, TBI n = 31). Following surgery, animals
were exposed to a 12-h light and dark cycle and monitored daily for
changes in weight. Investigators were blind to sham versus TBI
groups for all experiments. For stimulation studies, investigators
were not blind to stimulation conditions during the collection of
data. However, investigators were blind to both injury and stimu-
lation conditions during all behavioral and electroencephalogram
(EEG) analysis. All experiments were performed in compliance
with the UC Davis IACUC protocol.

Lateral fluid percussion injury and electrode placement

Animals were anesthetized using 4% isoflurane in O2/N2O (1:2)
carrier gas, and were then intubated and mechanically ventilated
with 2% isoflurane to maintain surgical anesthesia. A circular
4.8 mm diameter craniectomy was made in the skull over the right
hemisphere, leaving the dura intact, at a position of 3 mm lateral
to the midline and midway between lambda and bregma (anterio-
posterior [AP] *-4.5 mm).22,23 A rigid plastic injury tube was
placed into the craniectomy site, cemented to the skull using methyl
methacrylate and cyanoacrylate adhesive and filled with sterile
saline. Then a calibrated *0.10 mL pulse of sterile saline was
rapidly injected (18 msec) through the injury tube onto the surface
of the dura with a pressure of 2.12–2.15 atm to produce a moderate
TBI in each rat.22 After TBI, the intubated rat was then returned to
the ventilator with isoflurane at *1% for maintenance during
surgical placement of a twisted stainless steel, 0.005 inch diameter,
three-channel bipolar electrode (Plastics One MS333-3-B-SPC;
Plastics One, Roanoke, VA) spanning the CA3–CA1 dorsal hip-
pocampal fissure with a ground wire wrapped around a surgical
screw (AP -3.3 mm from bregma, lateral +2.0 mm from midline,
3.6 mm deep to skull; see Fig. 1A). An additional 2 mm craniotomy
(–0.5 mm AP, 1.0 mm lateral) was made to allow access for im-
plantation of a second chronic indwelling twisted parallel bipolar
stimulating electrode into the MSN (–6.8 mm depth from the skull
surface at 12.8 degrees to avoid the dural sinus).

Acute EEG recordings

On post-injury days (PID) 1–7, rats (sham = 6, TBI = 7) were
placed in an enclosed translucent Plexiglas� cage, 25 · 45 · 50 cm
for 10 min. An EEG was recorded with a pre-amplifier (Grass model
7P5B; Grass Technologies Inc., Quincy, MA) and polygraph driver

amplifier (Grass model 7DAG). Data were collected with a com-
puter acquisition system (Polyview16 v1.1; Astromed, Inc., West
Warwick, RI).17 EEG data were collected with a bandwidth ranging
from 0.1 Hz to 500 Hz. Continuous video analysis of behavior
(Logitech c920; Logitech, Newark, CA) was captured for the du-
ration of the EEG recording. The EEG was analyzed for percentage
of total time oscillating in the theta frequency range (6–10 Hz),
ipsilateral septohippocampal phase coherence, and peak oscillatory
frequency.

EEG analysis

‘‘P_episode’’ percent time in theta analysis. Using an os-
cillatory detection method, p_episode, we determined the percent
of recording time in which the EEG signal included significant
oscillations in the 6–10 Hz theta frequency range11,24–26 on PID 1–
7. P_episode applies a power threshold, Pt, and a duration threshold,
Dt, to determine the percent time in high power of the theta (6–
10 Hz) frequency. Specifically, a background spectrum is calculated
by fitting the observed power values to a v2 distribution using linear
regression. The 95th percentile of this fit distribution in the theta
frequency range was used to establish a power threshold, therefore
excluding low power oscillations that may in fact be artifact. As
previously published, the duration threshold was set to three cycles.27

This means that there needed to be three consecutive peaks in the
theta range for an oscillation to be detected. Based upon these pa-
rameters, the percent of recording time in which the values exceeded
both power and duration thresholds was quantified.

Phase coherence estimation. To calculate coherence we
used EEGLab28 and custom-written code in MATLAB (Math-
works, Natick, MA). Phase coherence was estimated between the
MSN and ipsilateral hippocampus in the 6–10 Hz frequency range
using the pairwise phase consistency (PPC) index29 on PID 1–7.
The PPC index for each electrode pair was estimated by computing
the relative phase angle difference between signals on each trial.
The cosine was then computed between all pairwise (i.e., between
trials) combinations of relative phases, and the PPC was taken as
the mean of these cosine values. PPC values range from 0 to 1, with
more positive values indicating greater phase coherence. We ac-
counted for potential volume conduction confounds, which may
artificially inflate phase coherence estimates, by removing rela-
tive phases at 0 degrees (–5 degrees) prior to calculating the PPC
index.29

FIG. 1. (A) Atlas schematic of medial septal nucleus and hippocampal depth electrodes and typical sections showing representative
electrode tracts (each ‘‘x’’ represents an estimated location of an electrode tip seen on cresyl violet staining). (B) Representative cresyl
violet stain demonstrating the placement of medial septal stimulating/recording electrode. (C) Representative cresyl violet stain
demonstrating placement of a hippocampal recording electrode. Color image is available online at www.liebertpub.com/neu
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Fast Fourier Transform power analysis to assess peak
oscillating frequency. One of the limitations of p_episode is that
the analysis cannot distinguish small frequency differences (*1–
2 Hz) in oscillations. Therefore, although it is a useful tool to assess
theta across the 6–10 Hz range, it is not able to detect slight shifts in
peak oscillatory frequency. Therefore, we used a power spectral
frequency analysis performed with 0.1 Hz intervals to determine if
injury caused a change in the peak oscillatory theta frequency on
PID 3 and 7.

Object exploration task

On PID 5, rats (sham n = 19, TBI n = 33) were habituated to a
white circular platform (1.8 m diameter). No objects were present
on the platform and the rat was allowed to explore for 5 min. The
following day animals were evaluated for object exploration. Two
distinct objects, a pump soap dispenser and a soda can, were placed
on the platform 68 cm apart. Animals were first brought into the
room in an empty cage. They were subsequently connected to the
EEG cables for 2 min prior to exposure to the objects on the plat-
form. For the stimulation groups, stimulation was initiated in the
second min in the cage, 1 min prior to introduction to the platform.
Animals were separated into eight different stimulation groups:
sham no stimulation (n = 8), sham 7.7 Hz (80 lA, n = 5), sham
100 Hz (80 lA, n = 6), TBI no stimulation (n = 10), TBI 7.7 Hz
(20 lA, n = 5; 80 lA, n = 6; 200 lA, n = 5), and TBI 100 Hz (80 lA,
n = 7). Initially, we compared 7.7 Hz stimulation across multiple
stimulation amplitudes and identified 80 lA as the ideal stimulation
intensity. Subsequently, we added additional sham stimulation as
well as gamma stimulation test groups using the 80 lA stimulation
intensity (with additional sham and TBI controls). The animals
were placed on the platform equidistant between the two objects
and behavior and EEG were observed for 5 min. Behavior was
analyzed both for time interacting with objects as well as total
distance traveled.

Barnes maze

The Barnes maze was performed as previously described by our
lab.18 Two trials per day were conducted with a 5-min inter-session
interval on post-operative days 5–7. Six groups were evaluated on
the Barnes maze including sham (n = 14) and sham with 7.7 (n = 8)
or 100 Hz (n = 7) stimulation, TBI (n = 15), and TBI with 7.7 (n = 8)
or 100 Hz (n = 8) stimulation. All stimulation during the Barnes
maze was at 80 lA. At the start of each trial, animals were placed in
the center of the Barnes maze apparatus under a dark box for 1 min.
For animals in the stimulation groups, stimulation was initiated
immediately prior to being placed in the box. After 1 min, the box
was lifted and the animal was given 5 min to find a hidden escape
box using four distinct spatial cues. If the animal did not find the
escape box after 5 min, it was guided to it. During each trial, video-
EEG was concurrently recorded. Latency to finding the escape hole
and search strategies were analyzed for each trial. Search strategies
were categorized as spatial, peripheral, and random. The spatial
strategy was defined as the rat moving directly toward the escape
hole, whereas the peripheral strategy indicated that the rodent
follows the edge of the circular platform until it reached the escape
hole. The random strategy was defined as a rat searching non-
consecutive holes before reaching the escape hole.

Stimulation paradigm

The electrode in the MSN was connected to an isolated pulse
stimulator (model 2100; A-M Systems, Sequim, WA), and elec-
trical stimulation was delivered using the following stimulation
parameters: 1 msec square wave pulses at a frequency of 7.7 or
100 Hz. To assess the effects of stimulus duration animals received
15, 30, or 60 sec of 80 lA stimulation. For the object exploration

task, stimulation was initiated 1 min prior to animals being intro-
duced to the behavioral apparatus and was terminated 6 min later
immediately prior to returning animals to their home cages. Ani-
mals were stimulated at 7.7 (20, 80, or 200 lA) or 100 Hz (80 lA).
For the Barnes maze task, 80 lA at 7.7 or 100 Hz stimulation was
initiated 1 min prior to the first trial of each day. Stimulation was
terminated at the completion of the second daily trial, immediately
prior to returning the rat to its home cage.

Stimulation duration

A total of 11 rats receiving TBI were used to evaluate the effect
of stimulus duration. On PID 3, animals were habituated to an
opaque Plexiglas box (1 · 1 · 0.5 m). Habituation included two
5-min periods of exploring the empty box separated by 3 h. On PID
4 and 5, rats each received four 17-min trials, two per day, with each
daily trial separated by 3 h. Animals were put in a start cage for
2 min. Animals received no stimulation or 15, 30, or 60 sec of
stimulation immediately prior to being transferred to the Plexiglas
box. Animals were randomized to stimulation condition with each
animal exposed to each condition once over the four trials. For each
trial, there were four objects in the box. On the first trial, they were
four novel objects. For each subsequent trial, two novel objects
were introduced in the place of the familiar objects. The two re-
maining familiar objects were moved to novel positions within the
box. Objects included a plastic lemon, a plastic lime, three different
sized (height and width) cans, a pump soap dispenser, and four
different-shaped dog chew toys. The EEG was analyzed for percent
of time oscillating in the theta frequency range during stimulation
as well as percent of time oscillating in theta and septohippocampal
phase coherence over the first 5 min following stimulation. A post
hoc analysis confirmed that there was no effect of cumulative
stimulation or repeated behavioral trials as data within a stimula-
tion condition were similar regardless of trial number.

Histology

Rats were euthanized 15–20 days after injury by deep anesthesia
and transcardial perfusion with 100 mL of 0.1 M sodium phosphate
buffer saline (PBS, pH 7.4) followed by 50 mL of 4% parafor-
maldehyde (pH 7.4). Brains were extracted, stored overnight in 4%
paraformaldehyde at 4�C, and subsequently placed in sucrose im-
mersion for cryoprotection. Coronal sections were cut at 45 lm
thicknesses using a sliding microtome (model 860, American Op-
tical, Buffalo, NY). Serial sections starting at bregma and ending
at -4.80 mm relative to bregma were saved in 24-well cell culture
plates for histological staining. Sections in the vicinity of electrodes
were mounted onto 0.1% gelatin-subbed slides, stained with cresyl
violet to identify precise electrode placement.

Statistical analysis

SPSS statistics version 22 (IBM Corp., Armonk, NY) was uti-
lized for all statistical evaluation. A paired-samples t test was used
to compare percent time of theta oscillations at baseline relative
to during stimulation. A repeat measures analysis of variance
(ANOVA) was utilized to compare 1) daily percentage of time in
theta recordings, 2) daily MSN-hippocampal coherence, 3) effect
of stimulation on post-stimulation percent time and coherence of
theta, and 4) Barnes maze latency. A Dunnett post hoc analysis was
used to compare individual groups. A one-way ANOVA was uti-
lized to compare 1) differences in peak oscillatory frequency, 2)
differences among 15, 30, and 60 sec of stimulation, 3) object
exploration times, and 4) total distance traveled during object
exploration. Dunnett post hoc analysis was used to compare in-
dividual groups. A nonparametric binomial analysis was used
to compare differences in search strategy, random as compared
with spatial+peripheral, and among groups on the Barnes maze.
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Performance of sham animals was used as the ‘‘test proportion.’’
Statistical significance was assigned to values p < 0.05. All data are
presented as mean – the standard error of the mean.

Results

Baseline physiological measurements

Over the first 7 days post-injury, theta oscillations were evalu-

ated in the hippocampus and MSN in both sham (n = 6) and TBI

(n = 7) rats. There was a significant difference in the percentage of

time hippocampal theta oscillations were observed between sham

and TBI rats (F(1,11) = 13.26, p < 0.005; Fig. 2A); there was no

difference in MSN theta oscillations (F(1,11) = 2.72, p = 0.13; Fig.

2B). A comparison of septohippocampal theta coherence revealed a

trend toward a difference between sham and TBI rats (F(1,11) = 3.17,

p = 0.10; Fig. 2C). In addition to percentage of time and coherence,

we assessed whether there was a change in the peak oscillatory

frequency on days 3 and 7. A significant change in peak theta

frequency was observed in the hippocampus on PID 3 (F(1,11) =
10.75, p < 0.01), and a trend toward a difference was observed at

day 7 (F(1,11) = 3.5, p = 0.088; Fig. 3).No difference in peak theta

frequency was detected in the MSN on either PID 3 or 7.

Persistent effects of stimulation on oscillations

Previously, we demonstrated that 60 sec of 7.7 Hz MSN stimu-

lation increased hippocampal theta power during stimulation and

improved cognitive function on the Barnes maze task even after the

stimulation was terminated.18 We hypothesized, therefore, that

there would be a stimulation duration-related enhancement of theta

oscillations following termination of the stimulus. Similar to our

previous data,30 a significant increase in the percentage of time in

theta oscillations was detected in the hippocampus relative to

baseline during 15 sec of stimulation (df = 10, t = -8.77, p < 0.001),

30 (df = 10, t = -9.38, p < 0.001), and 60 (df = 10, t = -5.86,

p < 0.001; Fig. 4A). Regardless of MSN stimulation time, percent

time oscillating in the theta range during stimulation measured in

the hippocampus was similar. Counter to our hypothesis, however,

we did not observe a lasting change in either the hippocampal

percentage of time in theta (Fig. 4B) or septohippocampal phase

coherence (Fig. 4C), even with 60 sec of stimulation.

Dose and frequency response
in the object exploration task

As our assessment of post-stimulation oscillations did not detect

enduring changes in theta, we decided to evaluate a continuous

stimulation paradigm to restore behavioral function. We also

wanted to compare the specificity of stimulation frequency (i.e.,

theta as compared with gamma) for improving outcome. Prior to

testing in the Barnes maze, performance on an object exploration

task was evaluated to insure that continuous theta or gamma

stimulation did not elicit significant side effects, particularly con-

vulsions.

Initially, all TBI stimulation groups (0, 20, 80, and 200 lA of

7.7 Hz as well as 80 lA gamma stimulation) were compared with a

sham control. A significant main effect of group on object explo-

ration was detected (F(5,34) = 6.94, p < 0.001; Fig. 5A). A Bonfer-

roni post hoc analysis indicated that TBI rats with 0 lA ( p < 0.005)

and 20 lA ( p < 0.05) of theta stimulation as well as TBI rats with

80 lA of 100 Hz gamma stimulation ( p < 0.05) all explored objects

significantly less than sham rats (Fig. 5A). In addition, TBI rats

receiving 80 lA of theta stimulation explored objects significantly

more than TBI rats with 0 lA ( p < 0.005) and 20 lA ( p < 0.05) of

theta stimulation as well as TBI rats with 80 lA of gamma stimu-

lation ( p < 0.05; Fig. 5A). Importantly, there was no observed

difference in distance traveled among groups (Fig. 5B), indicating

that the change in behavior was not related to driving overall motor

activity. In addition to TBI rats, sham theta and gamma stimulation

FIG. 2. (A) During the first 7 days after injury, there was a
significant decrease in the hippocampal theta oscillations in TBI
rats as determined by calculating the percentage of time theta
oscillations are observed in the hippocampus. (B) There was no
change in the percentage of time theta was observed in the MSN.
(C) Septohippocampal phase coherence was not significantly
changed over the first week following TBI. *p < 0.05. MSN, me-
dial septal nucleus; TBI, traumatic brain injury.
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rats were also compared with sham controls. No effect of stimu-

lation on object exploration (Fig. 5A) or distance traveled (Fig. 5B)

was detected. Critically, none of the sham or TBI stimulated ani-

mals displayed any behavioral signs of hyperactivity or seizures.

Stimulation improves performance
on the Barnes maze

Based on data observed on the object exploration task, we re-

duced the number of groups to be tested on the Barnes maze to sham

and TBI controls as well as sham and TBI rats receiving 80 lA of 7.7

or 100 Hz stimulation. A repeated measures ANOVA comparing

sham (n = 14), TBI (n = 15), TBI theta stimulation (n = 8), and TBI

gamma stimulation (n = 8) identified a significant main effect of

group on latency to finding the escape box (F(3,41) = 3.43, p < 0.05;

Fig. 6A). Post hoc analysis indicated that there was a significant

difference in latency between sham and TBI rats ( p < 0.05).

In addition to quantifying latency, we also analyzed search

strategy. Over 3 days, sham animals used a random strategy 46% of

the time, with 75% of the trials on day 1 being random and only

25% of the trials on day 3 (Fig. 6B). TBI rats ( p < 0.01) and TBI rats

receiving 100 Hz stimulation ( p < 0.01) used significantly more

random search strategies over the 3 days of testing. TBI rats re-

ceiving theta stimulation had a trend toward a reduction in random

strategies relative to sham rats ( p = 0.078). To test whether stim-

ulation improved spatial learning in sham animals, the same sham

animals used above (n = 14) were compared with sham rats re-

ceiving 7.7 (n = 8) or 100 Hz stimulation (n = 7). Analysis deter-

mined that there was a significant main effect of group on latency

(F(2,26) = 10.47, p < 0.001; Fig. 7A) with sham gamma rats per-

forming significantly worse than sham ( p < 0.001) and sham theta

rats ( p < 0.005). Although there was no difference in search strat-

egy between sham animals and sham animals receiving 100 Hz

stimulation (Fig. 7B), sham rats receiving 7.7 Hz stimulation used

fewer random strategies relative to the sham controls ( p < 0.01).

Discussion

Similar to our previous findings, we found that hippocampal

theta oscillations were diminished over the first week following

FIG. 3. There was a significant decrease in the peak oscillatory
frequency of theta in the hippocampus on post-injury day 3 with a
trend toward a decrease on post-injury day 7. *p < 0.05.

FIG. 4. (A) During stimulation, there was a significant increase in theta oscillations observed in the hippocampus as compared with
baseline. There was no stimulation-duration effect on the percentage of time theta was observed among 15, 30, and 60 sec. (B) There
was no lasting effect of stimulation on percentage of time or (C) septohippocampal coherence post-stimulation as both values returned
to levels seen in animals that had not received stimulation. *p < 0.001.
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FIG. 5. (A) A range of stimulations were evaluated to determine an optimal frequency and intensity to improve performance in the
absence of seizures. TBI rats had a significant decrease in object exploration as compared with sham rats. Similarly, TBI rats receiving
20 lA of 7.7 Hz or 80 lA of 100 Hz stimulation also explored objects significantly less than shams. TBI rats receiving 80 lA of 7.7 Hz
stimulation explored significantly more than TBI rats receiving no stimulation. (B) Stimulation, regardless of frequency or intensity, did
not influence an animal’s total activity as measured by distance traveled. *p < 0.05 as compared with sham. ***p < 0.05 as compared
with TBI without stimulation. TBI, traumatic brain injury.

FIG. 6. (A) TBI rats had a significant increase in latency to
finding the hidden escape box on the Barnes maze. (B) However,
both TBI rats and TBI rats receiving 100 Hz stimulation demon-
strated a significantly greater reliance on random search strategies
to find the escape box relative to sham rats. *p < 0.05. TBI, trau-
matic brain injury.

FIG. 7. (A) 100 Hz stimulation significantly impaired Barnes
maze performance in sham rats compared with both sham and
sham 7.7 Hz stimulated rats. (B) Whereas latency was similar
between sham and sham 7.7 Hz animals, theta stimulated sham
rats used significantly fewer random strategies to find the hidden
escape box compared with sham rats. *p < 0.05.
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TBI.18 We now demonstrate that the percentage of time theta was

observed in the MSN was unchanged compared with sham rats and,

despite the reduction in hippocampal theta, there was not a sig-

nificant change in the phase coherence of septohippocampal theta

oscillations. In addition to time oscillating and coherence, we also

observed that there was a significant shift in the peak oscillatory

frequency of theta over the first week following injury in the hip-

pocampus. These data suggest that there was a TBI-induced dis-

ruption of the septohippocampal circuit.

Previously, we demonstrated that 1 min of theta pre-stimulation

significantly improved performance on the Barnes maze task.18

One question that arose was whether there was a minimum amount

of stimulation needed to entrain hippocampal theta. Therefore, we

evaluated if 15, 30, or 60 sec of MSN stimulation would result in

differential effects on hippocampal theta, specifically focusing on

theta and theta phase coherence observed during and after stimu-

lation. We found that stimulation of the MSN significantly in-

creased hippocampal theta regardless of stimulation duration.

However, regardless of stimulation duration, we did not observe a

change in post-stimulation theta or septohippocampal phase co-

herence, with both returning to non-stimulated TBI levels within

the first minute post-stimulation.

As we did not detect lasting effects of stimulation on percent

time and coherence, we decided to evaluate if there was a benefit to

continuous stimulation relative to pre-stimulation on outcome. A

stimulation intensity-response curve demonstrated that 80 lA of

stimulation, similar to our previous report, best restored function on

an object exploration task. No animals, even at 200 lA, had evi-

dence of seizure activity during stimulation. Using the 80 lA cur-

rent, we also evaluated the effect of 100 Hz gamma stimulation on

TBI rats as well as both 7.7 and 100 Hz stimulation in sham con-

trols. Interestingly, 100 Hz stimulation did not improve object

exploration in TBI rats and 7.7 Hz, but not 100 Hz, stimulation

impaired object exploration in shams. These data support the hy-

pothesis that frequency-specific theta stimulation can improve

outcome in TBI rats, and the effect is restoring function not simply

driving object exploration in all animals. In fact, analysis of total

distance traveled (including exploration of the objects) did not find

any difference in sham or TBI rats regardless of stimulation.

On the Barnes maze, TBI rats performed significantly worse than

sham animals. Moreover, although search strategy improved in

sham animals from 75% random on the first day to 25% random on

the third day, over 50% of TBI rats continued to use random search

strategies throughout the test. TBI rats receiving theta stimulation

had latency and search strategy patterns similar to sham rats. Al-

though TBI rats receiving gamma stimulation did not have a sig-

nificantly different latency from shams, approximately half of these

animals continued to use a random search strategy to find the escape

box. Although theta stimulation of sham rats did not significantly

change behavior, animals receiving gamma stimulation had sig-

nificantly longer latencies to finding the escape box.

These data, therefore, demonstrate that 80 lA of continuous

7.7 Hz stimulation consistently improved behavioral function in

TBI rats. Although 100 Hz stimulation rats did not have a significant

change in Barnes maze latency, these animals did exhibit decreased

object exploration and persisted in using random strategies on the

Barnes maze. We therefore concluded that the benefit of stimulation

is theta frequency-specific. In addition, there was no clear evidence

that stimulation was driving object exploration or significantly

improved spatial maze performance on the Barnes maze in sham

animals. Therefore, we concluded that the effects of stimulation

were restorative, rather than just enhancing overall function.

Effects of TBI on septohippocampal
activity and cognition

Our results further support the theory that impairments in hip-

pocampal theta oscillations and associated circuits affect cognitive

performance during spatial navigation. Several lines of evidence

support the theory that theta oscillations are necessary for naviga-

tion and spatial memory by generating a temporal organization of

neuronal activity.31–33 It is also known that retention and encoding

have been associated with increased hippocampal theta.34–37 In

fact, Eakin and Miller have suggested that a TBI-induced decre-

ment in theta activity disrupts hippocampal firing patterns impor-

tant in working memory.38

One of the key findings of this article is that TBI led to a sig-

nificant decrease in peak theta oscillatory frequency. Although the

underlying mechanisms are poorly understood, previous research

has demonstrated an upward phase shift in low frequency oscilla-

tions during successful performance in working memory tasks.27,39

Therefore, a significant reduction in the peak oscillatory frequency

of theta may play an important role in cognitive impairment in TBI

animals.

Two types of hippocampal theta have been described: atropine-

resistant (Type 1) and atropine-sensitive (Type 2). Type 1 theta

oscillations are due to N-methyl-D-aspartate (NMDA) receptor-

dependent input from the entorhinal cortex to the hippocampus

associated with movement and voluntary behaviors.40,41 Atropine-

sensitive Type 2 theta oscillations are dependent on cholinergic

projections from the basal forebrain and are associated with im-

mobility and preparation for movement.16,42 One of the concerns

related to the observation that theta oscillations are depressed in the

first week post-injury is that injured animals tend to be lethargic

compared with sham controls; particularly in the first 72 h.

Therefore, we also analyzed our EEG findings to assess whether

theta was depressed during movement and/or rest. Analysis of five,

5-sec epochs of 100% movement or 100% rest indicated that os-

cillations were diminished at rest compared with movement. Also,

it indicated that oscillations during movement or at rest were

similar between sham and TBI rats (Fig. 8). Therefore, it is possible

that the observed reduction in theta during the first days following

injury was driven, at least in part, by differences in total activity.43–45

However, it is also clear that during object exploration, total

movement was similar between sham and TBI rats, yet TBI rats

failed to explore the objects. Stimulation increased exploration

without changing distance traveled. Furthermore, stimulation was

clearly improving function on the Barnes maze. Therefore, it is

critical that future research address how Type 1 and Type 2 theta

are impacted by TBI as well as changes in specific neurotransmitter

systems (e.g., cholinergic, glutamatergic, gamma-aminobutyric

acid-ergic [GABAergic]) that play a key role in hippocampal theta

oscillations and learning.

Potential mechanisms

Theta oscillations can be recorded throughout the limbic system,

including the hippocampus, mammillary bodies, anterior nucleus

of the thalamus, the anterior cingulate, and the pre-limbic cor-

tex.46,47 Loss of neurons in any of these regions could lead to

disruptions in oscillations or function. There are considerable data

demonstrating that lateral fluid percussion injury can lead to neu-

ronal cell death in the cortex,48–51 in the CA3 and dentate of the

hippocampus,52–54 as well as the thalamus.48,49,51,55 In addition to

cell death there is a considerable body of evidence that cholinergic

and GABAergic neurotransmission can be altered following injury.
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For example, in the weeks following TBI, there is a reduction in the

release of acetylcholine from the injured hippocampus56,57 con-

comitant with spatial memory deficits.58 Whereas choline aceyl-

transferase activity was decreased in the dorsal hippocampus acutely

after injury, a significant increase in activity was detected in the

medial septal area.59,60 Further, there are changes in both musca-

rinic61,62 and nicotinic63,64 cholinergic receptor binding in the rat

for weeks after injury. Similarly, TBI has chronic effects on the

GABAergic system. In a model of paired-pulse stimulation, pro-

nounced elevations in GABA levels were observed in the hippo-

campus contributing to increased inhibition for up to 2 weeks

post-injury.65 Over the first weeks post-injury, there were significant

changes in several of the GABA-A receptor subunits in the hippo-

campus66 that could be related to increases in GABA-A tonic inhi-

bition.67 Therefore, chronic changes in cell number as well as

cholinergic and GABAergic dysfunction in surviving neurons could

impair theta oscillations and ultimately impair cognitive function.

Analysis of theta oscillations using percentage of time

Traditionally, oscillations are quantified using power spectral

density. The power of theta oscillations, in essence, is determined

both by the total number of theta peaks as well as the amplitude of

each peak. Buzsaki and colleagues demonstrated that theta power

in the hippocampus is highly dependent on electrode placement

within the lamina.68 Specifically, slow wave oscillations were as-

sessed throughout the hippocampus by advancing electrodes in

82.5 lm increments through the dorsal ventral axis. It was observed

that theta power was highest near the soma of the interneurons in

the striatum radiatum, with power decreasing as the electrode

moved away from the radiatum, either toward the dentate gyrus

or the CA1 of the hippocampus. However, the number of peaks

and frequency of oscillations did not change along the dorsal-

ventral axis. As power is a function of both the number of peaks

as well as the amplitude, we decided to utilize a technique, p_

episode,11,25,26,69 that analyzes oscillations based on percentage of

time, to quantify changes in theta following injury.

As described in the Methods section, p_episode establishes a

power threshold, and a duration threshold to determine the percent

time in high theta power during each analyzed epoch. Specifically,

the amplitude of each oscillation was compared with the total

background signal and a threshold (the 95th percentile of this fit

distribution in the theta frequency was used to establish a power

threshold for these data) was applied to reduce the possibility that

noise was counted as an oscillation. In addition a minimum of three

consecutive cycles of theta oscillations were required before the

oscillations were quantified (as opposed to most analyses that will

consider a single cycle an oscillation). This reduced the likelihood

that random peaks were included in the analysis. The output of the

analysis was the amount of time oscillations were observed com-

pared with the total time analyzed (percentage of time). Compared

with a traditional theta power analysis, p_episode reduces the

likelihood of describing a change related to electrode position ra-

ther than condition. In addition, by applying strict power and du-

ration criteria to the analysis, one is more likely to quantify only

true oscillations.

Theta frequency stimulation of the MSN
restores cognitive performance

Currently, clinical DBS paradigms utilize gamma stimulation.

However, data presented here indicate that local field potentials in

the hippocampus and those driven by the medial septum are pre-

dominantly within the theta frequency band, with only minimal

gamma power (data not shown). Moreover, TBI resulted in de-

creased theta oscillations, and we have demonstrated that disrup-

tion of the septohippocampal circuit is involved in cognitive

dysfunction. Therefore, we hypothesized that theta, and not gam-

ma, frequency stimulation would result in optimal cognitive re-

covery. Stimulation at 100 Hz did not restore function in TBI rats,

and when delivered to uninjured animals resulted in impaired

performance on the Barnes maze. These data suggest that electrical

neuromodulation of specific brain targets may be most beneficial

when stimulation paradigms are similar to endogenous physio-

logical EEG in the brain region of interest.

It is important to note that mean peak frequency of hippocampal

oscillations in sham animals varied between 6.65 and 7.28 Hz,

depending on behavior. In our study, a previously described stim-

ulation frequency8,18 was used that resulted in complete phase

coherence between the MSN and hippocampus at 7.7 Hz. In fact,

McNaughton and colleagues8 ultimately found that using a strategy

to modulate hippocampal theta based on recordings from the su-

pramamillary nucleus, in essence bypassing an anesthetized MSN,

was able to better restore cognitive function than fixed frequency

FIG. 8. To control for potential effects of lethargy, theta was
analyzed during and compared between epochs of movement and
rest. Clearly, there was an increase in theta when animals, re-
gardless of injury, were moving as compared with resting. No
differences were observed between sham or TBI on either day 3 or
day 7 when comparing 5 sec of continuous activity versus rest.
MSN, medial septal nucleus; TBI, traumatic brain injury.
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7.7 Hz stimulation. In a recent study evaluating epilepsy patients,

Watrous and colleagues found that the frequency of coherent theta

varied based on the type of cognitive task.27 Specifically, theta was

coherent at 1–4 Hz ranges when patients were asked to relate two

objects based on spatial location and 7–10 Hz when asked to recall

the temporal presentation of those objects. These data clearly

suggest that, based on type of behavior, the optimal frequency

varies. In fact, artificial theta stimulation of the fornix can impair

encoding of contextual fear memory.70 One thing to consider with

TBI rats and patients is that there may not be a truly uninjured

region, such as the supramammillary nucleus, to use as a reference

to stimulate. Whereas we used the Barnes maze and object explo-

ration task to evaluate for spatial learning and attention, respec-

tively, future studies will benefit from more diverse learning tasks,

as optimal frequencies may differ for varying cognitive processes.

In addition to oscillatory frequency within the theta range, the

timing of theta activity in relation to a specific behavior may also

be critical. For example, there is evidence in two intracranial

studies that bursts of theta immediately prior to performing a be-

havioral task are most critical for encoding.24,71 Similarly, in both

of our stimulation studies, the stimulation was initiated in the min

prior to an animal entering any of the learning apparatus. Ulti-

mately, further research into potential stimulation paradigms, fre-

quency, timing, and the cumulative effects of stimulation will

improve the translatability of DBS to improve cognitive function

following TBI.

In addition to local circuitry, MSN stimulation may also have

effects on more distant brain regions that are involved in working

memory and cognition. For example, rodent studies have demon-

strated that CA1-prefrontal cortex theta coherence is important for

distinguishing between correct and incorrect memory tasks,72 and

clinical studies have shown that memory formation in the human

brain correlates with theta-frequency phase-locking within the

hippocampus.73 Coherence between remote areas of the brain

presupposes functional connectivity. As axons are at risk during

injury, additional research should be focused on tractography

following TBI. Whereas current research has revolved around

neuroprotection, further studies on the effects of TBI and/or stim-

ulation on coherence between the hippocampus and other cortical

or subcortical structures may elucidate other potential targets for

neuromodulation.

Conclusion

Initially, we hypothesized that stimulation would be theta

frequency-dependent and that effects would be restorative rather

than generally enhancing overall behavior. Our results support that

theta frequency stimulation significantly improved TBI rats com-

pared with TBI controls, whereas similar results were not ob-

served following gamma stimulation. Importantly, neither theta nor

gamma stimulation improved performance in sham rats suggesting

the stimulation was restoring function in injured rats rather than

enhancing overall performance in all rats. We also hypothesized

that pre-stimulation would be an optimal strategy compared with

continuous stimulation as pre-stimulation would drive persistent

changes in EEG and outcome. However, based on our current an-

alyses we did not detect a lasting change in theta oscillations fol-

lowing a short stimulation.

Further, we observed that TBI rats receiving continuous theta

stimulation performed as well as sham rats on the Barnes maze.

DBS is an experimental therapy for enhancing cognitive perfor-

mance, and recent clinical experiences suggest that modulation of

limbic circuits may be effective in Alzheimer’s disease and epi-

lepsy.3,4 Future studies will be needed to further evaluate the effects

of pre-stimulation (or intermittent stimulation) as compared with

continuous stimulation to improve cognition following TBI.

However, these exciting new data continue to support the hypoth-

esis that theta-frequency DBS is an exciting new treatment strategy

to recover physiological hippocampal activity and improve quality

of life in patients with persistent cognitive deficits following TBI.
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